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Abstract 
Gelatine gels and gelatine/elastin gels have been prepared to be used in tissue 
engineered vascular grafts. Optical microscopy and AFM revealed that the gelatine 
formed nanofibrils as in soft collagen tissues. The gelatine/elastin gels were 
nanocomposites with flat elastin nanodomains embedded in the gelatine matrix 
mimicking the structure of the tunica media in arteries. Gelatine/”hydroxyapatite” 
nanocomposites were prepared with the in situ production of “hydroxyapatite” in 
solution. AFM revealed “hydroxyapatite” solid nanoparticles of about 20 nm size 
embedded in the gelatine matrix which formed a hierarchical structure similar to that 
of the collagen matrix in bone. The application of a magnetic field of 9.4 T resulted in 
the elongation and orientation of gelatine particles and orientation of gelatine 
microfibrils in a direction perpendicular to that of the magnetic field.  
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1. INTRODUCTION 
Collagen is the major constituent of both tissue and bone types of organs and, for 
this reason, it has been selected as the main matrix constituent in the biomimetic 
materials developed in this study. Collagen fibres exist at different scales, from 
nano- to micro-levels, and have adopted different types of orientation in single or 
multiple layer formation in tissue, cartilage and bone. 
 
Arteries generally consist of three layers [1]: the tunica intima, media and 
adventitia. In these, collagen fibres are generally oriented in the axial direction. A 
lining of endothelial cells, also oriented in the axial direction, is in contact with 
the blood flow in tunica intima. Elastin plates are embedded between collagen 
fibres, mainly in tunica media which constitutes the major part of the artery wall. 
Tunica media also includes smooth muscle cells, embedded in the collagen/elastin 
matrix and oriented in the circumferential direction. The elastin/collagen ratio 
varies from 0.25 to 1.5, depending on the type of artery [2]. Collagen is stiffer 
with a Young’s modulus in the range of 5 to 10 MPa, whereas elastin has a 
Young’s modulus of 0.4 – 1 MPa and can undergo a stretch ratio of 1.6 [3-8]. 
 
Cortical bone is made from long, cylindrical osteons of about 10-500 m 
diameter, each [9]. Each osteon is a cylinder consisting of multiple layers wrapped 
around each other of about 3-7 m thickness for each layer [10]. Each layer 
consists of collagen micro-fibres oriented in the same direction for each layer, e.g. 
90 
o
, 45 
o
, 0 
o 
[9, 11]. Each collagen fibre is really a bundle of micro-fibrils of 
about 0.5 m diameter each [9]. Each micro-fibril consists of lamellae of triple 
helix collagen molecules, with gaps in-plane between these lamellae in which 
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hydroaxyapatite crystals of about 50 x 25 x 2 nm are embedded [12-14]. Cortical 
bone contains about 60% hydroxyapatite, 16% collagen fibres, 23% water and 2% 
ground substance [9]. 
 
At molecular level, collagen is composed of three protein chains, wound together 
in a triple helix of about 300 nm length and 1.5 nm diameter for type I collagen 
[15]. Type I collagen molecules form D-periodic cross-striated fibrils (axial 
periodicity D = 67 nm), providing the major biomechanical scaffold for cell 
attachment and anchorage of other macromolecules [15, 16]. 
 
Hence, one of the tasks in the creation of biomimetic materials, as envisaged in 
this study, is the reproduction and characterisation of this type of orientation in 
collagen or other related biomimetic materials. Even in recent attempts for tissue 
engineered tubular vascular grafts [17, 18], no effort has been put into orienting 
the collagen fibres and microfibrils. Tranquillo et al [19] found that application of 
a magnetic field of 4.7 T induced collagen orientation resulting in a birefringence 
n = 12.2±2.9 x 10-6.  
 
Elastin has been introduced in collagen/elastin based tissue engineered vascular 
grafts [20] either in gel-derived fibrous products [21] or electrospun micro- and 
nano-fibrous scaffolds [22,23]. Apart from the purpose of mimicking the artery 
composition, elastin has been reported to improve the mechanical properties of 
collagen/elastin scaffolds which would have been too weak to be implanted as 
vascular grafts if they were based only on collagen [24].  
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Although the major part of tissue engineering studies so far have been based on 
cell culture and proliferation in scaffolds, it has been possible to embed cells in-
situ during the generation of three-dimensional gels [25]. Gel structures are 
expected to mimic much better tissue and bone materials. In many recent studies 
for orthopaedic grafts [26-30], gelatine has been explored instead of collagen, 
possibly due to the high costs of soluble collagen. Gelatine is a denatured form of 
collagen, consists of amino-acid chains and is soluble in water [31]. 
 
Different types of gelatine/hydroxyapatite(HA) or collagen/hydroxyapatite 
composites have been proposed for orthopaedic grafts. Scaffolds made from 
nanocomposite fibres with gelatine as the matrix and HA nanocrystals showed 
improved bone-derived cellular activity compared to pure gelatine scaffolds [26], 
and better attachment and proliferation of osteoblasts than conventional 
microcomposite gelatine/HA scaffolds [32]. Hydroxyapatite seems to promote 
osteoconduction [33], growth of human mesenchymal stem cells and osteogenic 
differentiation [34]. Du et al [35] concluded that HA/collagen nanocomposites are 
the ideal bone-mimic materials, following a process of implant degradation and 
bone substitution in vivo which was reminiscent of bone modelling. Zhang et al 
[36] used TEM to study the self-assembly of mineralised collagen nanofibrils: 
they found self-assembled, unmineralised collagen nanofibrils of about 4 nm 
diameter and mineralised collagen nanofibrils of 5.5-6.9 nm diameter, where the 
difference was attributed to the HA crystal layer on the surface of the fibrils with 
the HA crystallographic c-axis preferentially aligned along the collagen fibril axis.  
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The rational behind this study was to prepare collagen, collagen/elastin and 
collagen/HA nanocomposites which mimic the structure of arteries and bone as 
closely as possible and could be used in tissue engineering. Gelatine has been used 
as a low-cost source of soluble collagen. After the desired structure was achieved, 
the gelatine chains were crosslinked in glutaraldehyde. The architectural hierarchy 
in the produced composites was studied in optical microscopy and atomic force 
microscopy (AFM).  
 
2.  MATERIALS AND METHODS 
 
2.1 GELATINE FIBRIL ORIENTATION USING A MAGNETIC FIELD 
800 mg of powder of animal gelatine was dissolved in 40 ml 0.01 N acetic acid 
under stirring with a magnetic stirrer. The solution was split into three vials. Vial 
1 was placed in an MRI electromagnetic field of 9.4 T in the axial direction for 10 
min (in case that the electromagnetic field produces any molecular orientation of 
the gelatine molecules in solution), then it was removed to add 0.1 N NaOH until 
pH=12 (this results in a dispersion and eventually precipitation of gelatine 
particles, see Fig.1), and the vial was put back into the MRI field for 10 min (with 
the aim to elongate and orientate the gelatine particles and to orientate the gelatine 
fibrils and molecular chains). In Vial 2 no electromagnetic field was applied to the 
solution, 0.1 N NaOH was added just before the vial was placed in the MRI field, 
and Vial 2 was left in the MRI field for 10 min (to investigate whether there 
would be any differences between this and the procedure followed in Vial 1). In 
Vial 3 the same procedure was followed as in Vial 2 but it was left in the MRI 
field for 15 min to investigate whether a longer time under the electromagnetic 
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field during the stage of precipitation of gelatine particles would generate more 
orientation . Then all vials were placed in cold storage for 18 h for gelation to take 
place and were subsequently examined under an optical microscope. Fig.2 shows 
that the magnetic field produces a trend in circumferential orientation (orientation 
normal to the direction of the magnetic field), especially in Vial 3 where the 
magnetic field had the longest effect just during the precipitation of gelatine 
particles: in this the gelatine particles are elongated (about 1 mm length and 500 
m lateral dimensions) and oriented in the orientation direction as well as the 
gelatine fibrils of about 10 to 20 m diameter (see Fig.2 and 3). The application of 
the magnetic field during the solution stage (before the addition of 0.1 N NaOH) 
in Vial 1 in Fig.2 does not seem to have resulted in any better orientation than in 
Vial 2, so it has been concluded that the critical step is the application of the 
magnetic field during the stage of precipitation of the gelatine particles for 
sufficiently long time to generate a good and permanent orientation that is not 
going to relax back once the vial is removed from the MRI field. 
 
This part has included preliminary investigations on the application of the 
magnetic field and its effects on particle and fibril orientation in gelatine gels and 
has not been extended to gelatine/elastin and gelatine/”hydroxyapatite” 
composites yet. Furthermore, the results and micro- and nanostructural studies of 
the following sections in this paper do not involve the application of magnetic 
field. 
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2.2 MATERIALS AND PREPARATION METHODS OF COMPOSITES 
FOR VASCULAR GRAFTS 
The main materials were powder of animal gelatine (soluble in water in acidic 
environment and derived from collagen) and powder of E1625 elastin (insoluble) 
from bovine neck ligament from Sigma-Aldrich. Gelatine gels and 70/30 wt. 
gelatine/elastin gels were prepared as follows: 160 mg gelatine for the gelatine 
gels or 112 mg gelatine for the gelatine/elastin gels was dissolved in 20 ml 0.01N 
acetic acid under stirring with a magnetic stirrer. Elastin was added under stirring 
to prepare an elastin dispersion in gelatine solution for the production of 
gelatine/elastin gels. 0.01 N NaOH was added under stirring until pH=12 and the 
dispersions (Fig.1) were placed in cold store for 15 min. This resulted in the 
precipitation of gelatine particles, which would co-precipitate with elastin 
particles where appropriate. Then, the clear liquid above the precipitates was 
removed with a micro-pipette and the precipitates were placed on aluminium discs 
and moved to cold store for 18 h to form gels (see Fig.3). Finally the gels were 
placed in 1% glutaraldehyde for 8 h, which proved to be the optimum time for the 
crosslinking of collagen chains [37]. 
 
2.3 MATERIALS AND PREPARATION METHODS OF COMPOSITES 
FOR ORTHOPAEDIC GRAFTS 
The matrix material was produced from powder of animal gelatine (soluble, 
derived from collagen). The aim was to produce a dispersed phase as 
nanoparticles of a form of CaP salts, denoted here as “hydroxyapatite” (“HA” 
abbreviation), in situ from the reaction of Ca(OH)2 and H3PO4. This reaction may 
produce different types of salts, such as Ca3(PO4)2 if the Ca/P molar ratio is higher 
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than 1.67 or CaHPO4 otherwise [38].  Since the former has been reported to lead 
to the production of mechanically weak scaffolds [39], a molar ratio Ca/P = 0.43 
was used in this study. 
 
0.8 g of gelatine powder was dissolved in 9.552 ml of 1 M H3PO4 (A g) under 
stirring with a magnetic stirrer. 4A g of 0.1 M Ca(OH)2 was added to the gelatine 
solution under stirring and distilled water was also added to make a total volume 
of 160 ml solution. When the pH was changed to 9 by adding 1 M NaOH, a 
dispersion of gelatine and “hydroxyapatite” was formed. The dispersion was left 
to rest for 18 h to form a precipitate of gelatine and “hydroxyapatite” particles. 
The precipitate was filtrated, placed on aluminium discs and was left in cold store 
for 15 h to gel. The gels were placed in 1% glutaraldehyde for 7 h which proved to 
be the optimum time for crosslinking of the gelatine chains in 
gelatine/”hydroxyapatite” gels [40]. 
 
3. RESULTS 
 
3.1  AFM OF GELATINE AND GELATINE/ELASTIN COMPOSITES FOR 
VASCULAR GRAFTS 
AFM was employed to investigate the nanostructure of the produced gels for 
vascular grafts. Fig.4 presents the surface height mapping of a gelatine gel sample 
of an area of 356x356 nm and Fig.4(b) displays a height analysis along a defined 
line. Using NanoScope software, version 5.12, by Digital Instruments (Veeco), 10 
equally spaced lines of section analysis (as in Fig. 4(b)) were drawn for the 
sample in Fig.4, all lines perpendicular to the main fibril axis. After collecting all 
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data of height and fibril width analysis, it was concluded that the gel displays the 
characteristic nanostructure of collagen with nanofibrils of diameter in the range 
of 1.5 to 7 nm, which means they contain bundles of 1 to 5 triple helices of protein 
chains. All nanofibrils are homogeneously laid in the AFM image and oriented 
parallel to each other, as is the case of collagen in tissues. 
 
A 70/30 collagen/elastin composition would mimic the composition of thoracic, 
iliac and femoral arteries [2]. AFM in tapping mode was used to study the sample 
and results were obtained for both surface height mapping to study the 
morphology and mapping of the phase angle, , of the viscoelastic surface; the 
latter may be used in the case of blends to distinguish between two materials with 
differences in the viscoelastic properties, where tan is the ratio of the loss 
modulus divided by the elastic modulus.  Fig.5 presents the AFM surface height 
mapping of a 70/30 wt. gelatine/elastin gel of an area of 659x659 nm: it is clear 
that the gel is a nanocomposite of flat domains of 200 nm width and length and 
about 50 nm thickness dispersed in a fibrous matrix. The corresponding phase 
angle map in Fig. 5 shows clearly that these flat domains are of a different 
material from that of the matrix, and given the blend composition, it can be 
concluded that the flat nanodomains are made of elastin (sometimes covered by 
gelatine at their central part on the micrographs) and they lie embedded in the 
gelatine matrix. The gelatine has a nano-structure of 50 nm wide bundles of 
nanofibrils, created by the embedment of the elastin nanodomains, which did not 
exist in the pure gelatine nanostructure (see Fig.4). Fig. 6 shows an AFM image of 
the 70/30 gelatine/elastin gel of an area of 199x199 nm, which apart from the 
elastin nanodomains reveals smaller features in the hierarchy of the gelatine 
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matrix nanostructure, including a bed of gelatine nanofibrils of up to 7 nm 
diameter, which form wider flat bundles of aligned nanofibrils (of about 50 nm 
width for each bundle) due to the embedment of elastin nanodomains.      
 
3.2 OPTICAL MICROSCOPY AND AFM OF GELATINE/”HA” 
COMPOSITES FOR ORTHOPAEDIC GRAFTS 
Fig.7 shows an optical micrograph of the produced gelatine/”HA” gel. The 
outlines of fused gel particles of the order of a few hundreds microns can be seen 
as well as gelatine fibres of about 10-20 m diameter. No opaque particles (which 
might have been “hydroxyapatite” microparticles) could be seen on the optical 
microscope under any magnification, indicating that there were no opaque 
particles at microlevel. On the other hand, if in the preparation procedure the pH 
was changed to 9 before 0.1 M Ca(OH)2 was added, a microcomposite 
gelatine/”HA” gel was formed in which “HA” microparticles can be easily seen in 
the optical micrograph of Fig.8. “HA” microparticles made the microcomposite 
gel very frail and fragile, easy to fall apart into small pieces, in contrast with the 
gel in Fig.7 (thought to be a gelatine/”HA” nanocomposite) which could remain 
intact and strong when handled. 
 
A series of AFM images were taken at different magnifications to investigate the 
structural hierarchy of the gelatine/”HA” nanocomposite gel. In this case the AFM 
images included not only the surface height mapping but also mapping of the 
phase angle of the viscoelastic surface. Phase angles close to 0 would correspond 
to elastic materials, like solid “HA” particles, air or voids, whereas larger phase 
angles indicate viscoelasticity present in the gelatine matrix. It was found that the 
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phase angle mapping demonstrated contrast between the gelatine and “HA” 
phases and it was more useful to identify the “HA” particles than the surface 
height mapping.  
 
Fig.9(a) demonstrates that whereas the surface height map shows short gelatine 
fibres of about 400 nm diameter, the phase angle graph shows a much clearer and 
more refined picture of gelatine fibres of about 100 nm diameter, possibly 
calcified. The fibres lose continuity with “holes” every 200-300 nm along their 
length which represents gaps of similar periodicity in the collagen of bone [9]. 
Fig.9(b) presents regions (e.g. circled region) where D-period cross-striated 
nanofibrils are easily found with a periodicity D = 65 nm. Fig.9(c) indicates that 
there are dark elastic regions in the phase angle mapping which do not correspond 
to valleys in the surface height mapping and, hence, are solid “HA” particles 
rather than voids. Fig.9(d) shows “HA” particles of about 60 nm diameter sitting 
on a bed of gelatine nanofibrils and other smaller “HA” nanoparticles of about 20 
nm size embedded between flat bundles of gelatine nanofibrils, where each bundle 
is a flat bed of nanofibrils of about 45 nm width. This mirrors the structure of the 
gelatine/elastin nanocomposites in Fig.5, which leads to the conclusion that 
nanodomains of eith.er “hydroxyapatite” or elastin embedded in the gelatine 
structure separate the gelatine nanofibrils into flat bundles. The embedded “HA” 
nanoparticles are of similar dimensions as the hydroxyapatite particles in the bone 
[12, 14].   
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4. DISCUSSION 
This has been a study of the structural hierarchy of biomimetic materials for soft 
and hard tissues. The starting point was that collagen is the matrix of all these 
materials in organisms which was substituted by gelatine in this paper, due to its 
much lower cost while gelatine still consists of fragments of soluble collagen. The 
structure hierarchy of the produced gels was investigated using optical microscopy 
and AFM. The first step was to examine the structure and alignment in produced 
gelatine gels and compare it with the expected collagen structure in organisms, 
without the complication of a second phase (such as elastin or hydroxyapatite) in 
the gels. This was followed by the successful preparation of nanocomposite gels, 
involving either a soft second phase, i.e. elastin, or a hard second phase, i.e. CaP 
particles denoted as “hydroxyapatite”. The aim of producing nanocomposites 
(rather than microcomposites) was important in both cases from the point of 
structural and mechanical integrity and cell culture. The next question was how 
the nanodomains were dispersed in each type of nanocomposite (for soft or hard 
tissue applications, respectively) and how they affected the structure of the 
gelatine matrix and the alignment of nanofibrils at nanolevel. The investigation for 
possible gaps and voids in the structure in the self-assembly of nanofrils and 
embedment of the second phase is also important for the potential adherence and 
propagation of cells.   
  
Gelatine gels contained homogeously laid, parallel oriented nanofibrils of 1.5 to 7 
nm diameter that must have been made of about 1 to 5 triple helices of protein 
chains, resembling the nanostructure of collagen in tissues [15]. 70/30 wt. 
gelatine/elastin gels were prepared to mimic the composition of thoracic iliac and 
 14 
femoral arteries. AFM demonstrated that the nanocomposite gels also resembled 
the structure of the tunica media of these arteries [1], with flat elastin 
nanodomains of 200 x 200 x 50 nm embedded within gelatine so that they split the 
bed of 1.5-7 nm diameter nanofibrils into flat bundles of about 50 nm width. The 
produced gaps between the nanofibril bundles are of the order of 10 nm width, 
which seems very small to have any negative effects on the mechanical integrity 
of the grafts but introduce additional roughness at nanolevel that may be 
beneficial for the adherence of cells.  
 
It was also possible to prepare gelatine/”hydroxyapatite” nanocomposites from the 
in situ reaction of Ca(OH)2 and H3PO4 in a gelatine solution and subsequent 
formation of a colloidal dispersion of gelatine and “hydroxyapatite”, which 
eventually resulted in a precipitate of gelatine particles and “hydroxyapatite” 
nanoparticles that would be embedded between gelatine nanofibrils in the gel 
formation. AFM demonstrated that “HA” nanoparticles of about 20 nm were 
embedded within the gelatine structure so that they split the bed of gelatine 
nanofibrils into flat bundles of about 45 nm width. HA crystals of similar size are 
found in natural bone [12-14]. Gaps were detected every 200-300 nm along these 
flat bundles which are also found in the collagen of natural bone [9]. D-periodic 
cross-striated collagen nanofibrils were detected in the AFM phase angle mapping 
images with an average D = 65 nm which has also been found in the AFM of 
natural bone [41].  
 
All these types of gaps identified in the produced nanocomposite gel and their 
similarities to those in the bone are important as potential sites of anchorage for 
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cells and macromolecules in the organism. It is clear that the composite gels for 
either the vascular or the orthopaedic applications contain more and larger such 
gaps than the pure gelatine gels, due to the embedment of the second dispersed 
phase (either soft or hard phase) and the bundling of the nanofibrils of the matrix; 
this increases the nanoroughness and the number of anchorage sites.  
 
All gels produced in this study displayed evidence of self-assembly of aligned 
gelatine nanofibrils at nanolevel, with some deviation in nanocomposites due to 
the embedding of the second dispersed phase. On the assumption of formation of 
CaHPO4 in the gelatine/”HA” nanocomposites in this study [38] (given that the 
employed Ca/P ratio was less than 1.67), the produced gels contained 41% “HA” 
in the “HA”/dry gelatine blend (i.e. the water of the gel has not been included) 
that led to gels of good mechanical integrity, with the potential to be used in 
electrospinning. Kim et al [26] produced gelatine/HA nanocomposite gel scaffolds 
by electrospinning, with 20 to 40% HA. Their TEM images showed HA needle 
crystals and gelatine nanofibrils in each electrospun gel fibre where the matrix had 
a much more random form of gelatine nanofibrils than in the present study and the 
HA needles were oriented in a totally random manner, causing discontinuities in 
the electrospun fibres. On the contrary, the gelatine nanofibrils and nanofibril 
bundles display much better alignment in the present study at nanolevel (Fig.9(d)) 
and any solid nanoparticles are either embedded between the aligned nanofibrils 
with solid regions aligned in the main alignment axis or are in the form of 
approximately spherical nanoparticles of about 60 nm in diameter, bringing them 
much closer to the bone nanostructure..  
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The application of a magnetic field of 9.4 T during the precipitation stage of 
gelatine particles for 15 min induced elongation and orientation of the fused 
gelatine microparticles and the gelatine microfibrils in a direction perpendicular to 
that of the magnetic field. 
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Figures  
 
 
 
 
 
 
 
 
 
 
Fig.1 Suspension of gelatine particles formed by adding 0.1 NaOH in a gelatine 
solution of 0.01 N acetic acid. 
 
1 mm 
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Fig.2.  Optical micrographs of gels generated under the influence of a magnetic field 
of 9.4 T in the axial direction (horizontal direction in the micrographs).  
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Fig.3. Optical micrograph showing the microfibrillar structure of a gelatine gel. 
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(b) 
Fig.4. AFM of gelatine gel for vascular grafts. (a) surface height mapping (b) image 
analysis along indicated line. 
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Fig.5. AFM of 70/30 gelatine/elastin gel for vascular grafts; surface height and phase 
angle maps of an area of 659x659 nm. 
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Fig.6. AFM of 70/30 gelatine/elastin gel for vascular grafts; surface height mapping 
of an area of 199x199 nm and image analysis along indicated line. 
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Fig. 7. Optical micrograph of a gelatine/”HA” nanocomposite gel prepared according 
to the procedure described in section 3.1 
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Fig. 8. Optical micrograph of a gelatine/”HA” microcomposite gel during the 
preparation of which the pH was changed to 9 before 0.1 M Ca(OH)2 was added.  
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Fig 9(a) 
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Fig 9b 
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Fig.9(c) 
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Fig.9d 
 
 
 
 
 
Fig.9. AFM surface height and phase angle mappings of gelatine/”HA” 
nanocomposite gel at different magnifications. 
 
